An important role for the cyclin-dependent kinase inhibitors (CDKIs), p27Kip1 and p57Kip2, in the proliferation and differentiation of adrenal cells has been suggested by their knockout mice, which display adrenal hyperplasia. Adrenal development and function are primarily regulated by ACTH. In the present study, we investigated the effects of ACTH on the expression of p27Kip1, p57Kip2 and proliferating cell nuclear antigen (PCNA) in rat adrenals. Male Wistar rats were treated with dexamethasone (Dex) to inhibit endogenous ACTH secretion. ACTH was then administered to the rats, and the adrenals were examined by Western blot and immunohistochemical analyses. Dex treatment induced shrinkage of adrenals where no PCNA-expressing cells were detected, but most of the cells expressed p27Kip1. Subsequent ACTH treatment resulted in the marked suppression of p27Kip1 expression, specifically in adrenocortical cells at 12 h after the stimulus. At 48 h, the p27Kip1 suppression still continued in the cortex, while the PCNA-expressing cells appeared mainly around the zona glomerulosa and increased at 72 h. At this time, the p27Kip1-expressing cells also appeared in the same zone. In contrast to p27Kip1, the expression of p57Kip2 was not detected in the Dex-treated adrenal. However, its expression was markedly induced by ACTH in the zona glomerulosa at 48 and 72 h. The results demonstrate that the primary site for mitogenic action of ACTH in rat adrenocortex is the zona glomerulosa, and that ACTH modulates proliferation of adrenocortical cells by regulating p27Kip1 and p57Kip2 expression in a time-and site-specific manner.
Introduction
Adrenocorticotropic hormone (ACTH, corticotropin), one of the pituitary hormones, is the primary regulator for fetal adrenal development and adult adrenal functions. ACTH exerts its effects mainly through a guanine nucleotide-binding protein (G protein)-coupled receptor, ACTH receptor (ACTHR), present in the plasma membrane of adrenocortical cells. The adrenal is composed of two distinct tissues, cortex and medulla, and the former consists of three major zones of cells arranged as concentric shells: the zona glomerulosa, the zona fasciculata and the zona reticularis. In all three zones of the cortex, ACTHR expression has been demonstrated in humans and rodents, although the expression level in each zone appears to vary among species (Xia & Wikberg 1996 , Reincke et al. 1998 , Muller et al. 2001 . ACTH stimulates the synthesis and secretion of glucocorticoids, mineralocorticoids and adrenal androgen via ACTHR (Rosenfeld et al. 1975 , Kater et al. 1989 ; it also induces the proliferation of adrenocortical cells (Wright et al. 1974 , Imai et al. 1990 ). In clinical and animal studies, it has been established that circulating ACTH levels are positively correlated with the size of the adrenals, and that chronic hypersecretion of ACTH induces bilateral diffuse hyperplasia of adrenals (Bland et al. 2003) . ACTH has been thus considered as a mitogenic hormone for adrenals. However, in in vitro situations, it was reported that ACTH has inhibitory as well as stimulatory actions on the proliferation of adrenocortical cells (Hornsby & Gill 1977 , Arola et al. 1993 , Lotfi et al. 1997 .
Modulation of cell proliferation and differentiation is closely associated with the regulation of cell cycle progression. Signals that drive cells into mitosis converge on the regulation of cyclin-dependent kinases (CDKs). The activities of CDKs are regulated by multiple mechanisms, which include the intracellular levels of cyclin accumulation and assembly of cyclin-CDK complexes, phosphorylation status of the kinases and the presence of CDK inhibitors (CDKIs) (Sherr & Roberts 1999 , Vidal & Koff 2000 . CDKIs suppress CDK activities by physical association or by blocking substrate/ATP access. To date, they are classified into two families according to structural similarities. The Ink4 family is made up of four proteins that share a common structural motif, ankyrin repeats, and compete with D-type cyclin for binding to CDK4 and 6. The Cip/Kip family comprises p21Cip1, p27Kip1 and p57Kip2. They also share a common structural motif, a CDK-binding-inhibitory domain, at their N-terminals and inhibit a variety of cyclin-CDK complexes. The induction of these CDKIs results in cell cycle exit by inhibiting CDK activities at G1-to-S phase, and induces terminal differentiation of a variety of cell types (Zhang et al. 1998) . Since Cip/Kip family proteins are shown to be short-lived proteins with estimated half-lives of 30-60 min (Pagano et al. 1995 , Maki & Howley 1997 , the amounts of the proteins in cells appear to be a major determinant for their activities.
Proliferating cell nuclear antigen (PCNA) is a cofactor of DNA polymerase delta and is present in the nucleus (Maga & Hubscher 2003) . It tethers the polymerase to DNA and increases the processivity of the polymerase during DNA replication. Thus it is a marker for cells in early G1 phase and S phase of the cell cycle. It has been shown that Cip/Kip family proteins contain not only a CDK-bindinginhibitory domain but also a PCNA-binding-inhibitory domain, and that the cell cycle exit by Cip/Kip family proteins requires both CDK and PCNA inhibitory activities (Waga et al. 1994 , Watanabe et al. 1998 .
Interestingly, it has been demonstrated that mice lacking p27Kip1 display increased body size with multiple organ hyperplasia including the adrenal medulla (Nakayama et al. 1996) . In contrast, p57Kip2-deficient mice showed multiple organ anomalies including adrenocortical hyperplasia (Zhang et al. 1997) . A study on the expression of these CDKIs in the developing adrenal glands showed that p27Kip1 and p57Kip2 are mainly expressed in the medulla and cortex respectively (Nagahama et al. 2001) . The involvement of p57Kip2 has been reported in the development of human adrenocortical tumors (Liu et al. 1997 , Bourcigaux et al. 2000 . These findings indicate that p27Kip1 and p57Kip2 play important roles in the regulation of adrenal cell growth and differentiation. However, little is known about whether ACTH regulates the expression of these CDKIs. In the present study we thus investigated the effects of ACTH on the expression of p27Kip1, p57Kip2 and PCNA in the adrenal glands of rats treated with dexamethasone (Dex).
Materials and Methods

Animal treatment
The experimental protocol was approved by the Committee for Animal Experiment of the Research Institute of Environmental Medicine, Nagoya University. Male Wistar rats, weighing approximately 180 g, were assigned into three groups: Dex, Dex+ACTH, and control groups (Fig. 1) . Dex (Decadron; Banyu, Tokyo, Japan) was administered intraperitoneally at a dose of 4 mg/kg body weight once a day for 5 days (Dex group). Then, ACTH (Cortrosyn-Z; Daiichi Pharmaceutical Co Ltd, Tokyo, Japan) was injected intramuscularly at a dose of 50 IU/kg body weight once a day for 3 days (Dex+ACTH group). The rats were killed by decapitation at 12, 24, 48 and 72 h after the initial ACTH administration, and at 4-8 days after ACTH. The rats in the Dex group were also killed by decapitation at 1, 4, 6 and 9 days after the last Dex administration. The control rats without Dex and ACTH administration were killed on the eighth day after the initial ACTH administration. The number of rats in each experimental group was five or six. The adrenal glands were excised, cleaned of fat and weighed. For Western blot analysis, glands were frozen immediately in liquid nitrogen and stored at 80 C. For immunohistochemistry, the glands were fixed in Zamboni solution overnight and embedded in paraffin.
Antibodies
Mouse monoclonal antibodies to PCNA and p27Kip1 (BD Transduction Laboratories, San Jose, CA, USA), rabbit polyclonal antibody to p57Kip2 (H-91; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and rabbit polyclonal antibody to actin (Sigma) were used as the first antibodies in Western blot analyses. Goat polyclonal anti-mouse IgG and anti-rabbit IgG antibodies conjugated with horseradish peroxidase (Sigma) were used as the second antibodies. In immunohistochemical analyses, mouse monoclonal antibodies to PCNA or p27Kip1 (BD Transduction Laboratories), and goat polyclonal antibody to p57Kip2 (M-20, Santa Cruz Biotechnology) were used as the first antibodies. Biotinylated anti-mouse IgG and anti-goat IgG antibodies (Nichirei, Tokyo, Japan) were used as the second antibodies.
Western blot analysis
The tissue samples were minced and washed with PBS, and dispersed in five volumes of an ice-cold suspension buffer (100 mM NaCl, 10 mM Tris-HCl (pH 7·6), 1 mM EDTA (pH 8·0)) containing protease inhibitor cocktail tablets (Roche). After addition of an equal volume of 2 SDS gel-loading buffer, the samples were placed in boiling water and sonicated to shear the chromosomal DNA. After centrifugation, the supernatants (50 µg protein per lane) were subjected to 12% polyacrylamide gel electrophoresis. The protein concentrations were determined by the Bradford method using a kit from BioRad. The detailed procedures for Western blot analysis were described in our previous report (Kikumori et al. 1998 ).
The membrane was incubated with the first antibody for 16 h at 4 C, followed by incubation with the second antibody for 1 h. The proteins were visualized by enhanced chemiluminescence reagents (Pierce, Rockford, IL, USA), and the images were recorded using the Light Capture chemiluminescence detection system (Atto, Tokyo, Japan). The densities of bands were quantified using NIH image software (version 1·62; National Institutes of Health, Bethesda, MD, USA).
Immunohistochemistry
Immunohistochemistry was performed mainly using the universal immuno-enzyme polymer (UIP) method (Histofine, simple stain MAX-PO kit; Nichirei). According to the manufacturer's instruction, deparaffinization and rehydration were performed for paraffin-embedded, 3 µm thick tissue sections mounted on silane-coated slides. The sections were then exposed to microwave radiation in 1 mM EDTA (pH 8·0) for 9 min to retrieve antigens, and treated with 3% hydrogen peroxide for 10 min to quench endogenous peroxidase activity. Non-specific sites were blocked with bovine serum for 10 min. The sections were then incubated overnight at 4 C with the first antibody, followed by incubation for 30 min at room temperature with a Histofine solution that contained amino acid polymers conjugated with peroxidase and the second antibody. After washing, a 3, 3 -diaminobenzidine (DAB) chromogen solution was applied for 5 min. The sections were then counterstained with hematoxylin-eosin and mounted. In some experiments, a labeled streptavidinbiotin (LSAB) method was also carried out using peroxidase-conjugated streptavidin and DAB (LSAB2 Kit; Dako, CA, USA). Double staining was performed by the UIP method, followed by the LSAB method. After the first staining using DAB, the sections were again exposed to microwave radiation for 9 min. They were then incubated with another first antibody at 4 C overnight, followed by incubation at room temperature for 10 min with the biotinylated second antibody and then for 10 min with alkaline phosphatase-conjugated streptavidin. After washing, a fuchsin solution was applied for 1 min.
Statistical analysis
Statistical analysis was carried out by one-way fractional ANOVA, followed by Fisher's protected least significant difference (PLSD) analysis. A P value less than 0·05 was considered significant.
Results
Effects of Dex and ACTH on adrenal gland weight
As shown in Fig. 1 , treatment with Dex for 5 days significantly decreased the weights of adrenal glands at 1 day after the last Dex administration, when compared with those of the control adrenals, suggesting the suppression of endogenous ACTH secretion. Subsequent treatment with ACTH significantly increased the adrenal weights up to 72 h after the initial ACTH administration. The weights then decreased gradually, suggesting a diminished influence of exogenous ACTH. In contrast, the weights of Dex-treated rats remained unchanged for at least 6 days after the last Dex treatment, suggesting the prolonged suppression of endogenous ACTH secretion in the Dex-treated rats.
ACTH-dependent expression of PCNA
As shown in Fig. 2A , PCNA was detected as a single band with a molecular mass of 36 kDa by Western blot analysis. Substantial levels of PCNA expression were observed in the control adrenals (Fig. 2B ) and treatment with Dex significantly reduced the expression. Subsequent treatment with ACTH increased the expression at 48 h, followed by a further increase at 72 h. No remarkable changes in the actin levels were observed. In agreement with these results, immunohistochemical analysis revealed that a number of PCNA-expressing cells were found in Figure 1 Effects of Dex and ACTH on the weights of adrenal glands. Male Wistar rats, weighing approximately 180 g, were assigned to three groups: Dex, Dex+ACTH and control groups. Dex (n) was administered intraperitoneally once a day for 5 days (Dex group, •). Then, ACTH () was injected intramuscularly once a day for 3 days (Dex+ACTH group, d). The rats were killed by decapitation at the indicated times. The control rats without Dex and ACTH administration (M) were killed on the eighth day after the initial ACTH administration. The adrenal glands were excised, cleaned of fat and weighed. Each experimental point consisted of five or six rats. Adrenal weights (mg) are expressed as means S.D. (n=5 or 6). *P<0·05 vs Dex group at 1 day after the last Dex administration;
# P<0·05 vs Dex+ACTH group at 3 days after the initial ACTH administration.
all zones including the medulla of the control adrenal, with a relatively abundant expression in the zona glomerulosa (Fig. 2C) . Dex treatment resulted in a marked shrinkage of the adrenal cortex (Fig. 2D) , especially of the zona fasciculata and zona reticularis, and in the disappearance of PCNA-expressing cells in all zones of the adrenal. The PCNA-expressing cells were hardly detected at 12 h after ACTH (Fig. 2E) . At 48 h after ACTH, the PCNA-expressing cells started to appear in the zona glomerulosa, and at 72 h they increased markedly ( Fig. 2F and G) . The PCNA-expressing cells were also observed in other zones of the adrenal, including the medulla at 72 h. These results indicate that most of PCNA-expressing cells detected in the cortex and medulla are under the control of ACTH. Furthermore, it is demonstrated that the cells in the zona glomerulosa are most sensitive and respond rapidly to ACTH.
Rapid decrease in p27Kip1 expression by ACTH
As shown in Fig. 3A , p27Kip1 was detected as a single band with a molecular mass of 27 kDa by Western blot analysis. Substantial levels of p27Kip1 expression were observed in the control adrenals (Fig. 3B ), which were not altered by Dex treatment. Subsequent treatment with ACTH induced rapid and significant suppression of the expression at 12 h, the suppression lasting until 48 h after ACTH. At 72 h, the levels returned to the control levels.
Since it was reported that p27Kip1 is mainly expressed in the medulla of mice (Nagahama et al. 2001) , we determined the localization of p27Kip1-expressing cells in the rat adrenal by immunohistochemical analysis. It was revealed that p27Kip1 was expressed abundantly in the medulla of control adrenal, with a relatively low expression in the zona glomerulosa and the zona fasciculata (Fig. 3C) . Dex treatment appeared not to alter this distribution of the p27Kip1-expressing cells in the adrenal, although the expressing cells were condensed because of the shrinkage of the adrenal (Fig. 3D) . At 12 and 48 h after ACTH, the p27Kip1-expressing cells were hardly detected in the cortex, but they were detected in the medulla (Fig. 3E and F) , indicating that the decrease in p27Kip1 expression shown by Western blot analysis reflects its reduced expression in the cortex, but not in the medulla. At 72 h, the p27Kip1-expressing cells appeared in the zona glomerulosa (Fig. 3G) . In the medulla, p27Kip1-expressing cells were constantly detected.
These results indicate that p27Kip1 expression in the medulla is not under the control of Dex and ACTH. In contrast, the expression in the cortex is negatively regulated by ACTH at the earlier time points after ACTH treatment. The prolonged exposure to ACTH, conversely, increases p27Kip1 expression in the zona glomerulosa. Double immunostaining of PCNA and p27Kip1 in the adrenal at 72 h after ACTH is shown in Fig. 4 . Most of the cells in the zona glomerulosa expressed either PCNA or Figure 2 Effects of Dex and ACTH on PCNA expression in rat adrenal. Male Wistar rats were treated with Dex for 5 days to suppress endogenous ACTH secretion (0 h), and then treated with ACTH for various lengths of time as indicated (12-72 h, see Fig. 1 ). Whole-tissue lysates prepared from the adrenals were subjected to Western blot analysis using anti-PCNA and anti-actin antibodies. Representative images are shown in (A), 'Cont' indicates the adrenal of non-treated, control rats. The analysis was done in duplicate, and the density of one band represents the expression level in one adrenal. Similar results were obtained from the separate experiments. The expression levels of PCNA were normalized to those of actin, and are expressed in arbitrary units in (B); n=6; *P<0·05 vs Cont;
# P<0·05 vs ACTH 0 h (Dex). Representative results of immunohistochemical analysis using anti-PCNA antibody are shown in (C) to (G). zG, zona glomerulosa; zF, zona fasciculata; zR, zona reticularis; M, medulla.
p27Kip1, indicating the presence of cells at different stages of the cell cycle. It should be noted that some cells appeared to express both proteins, suggesting that p27Kip1 may inhibit cell cycle progression by directly preventing PCNA function. Quantitative analysis revealed that ratios of PCNA-, p27Kip1-and PCNA+ p27Kip1-expressing cells were around 45, 24 and 31% respectively.
ACTH-dependent induction of p57Kip2 in the zona glomerulosa
In contrast to PCNA and p27Kip1, p57Kip2 expression was not detected in the control adrenal as evidenced by Western blot analysis (Fig. 5A ) and immunohistochemistry (Fig. 5C ), indicating the low expression of p57Kip2, if any, in the rat adrenal. This result was unexpected, since it has been reported that p57Kip2 is mainly expressed in the adrenocortex in mice (Nagahama et al. 2001) . p57Kip2 expression was also not detected in the Dex-treated adrenal (Fig. 5A) . However, ACTH treatment for 48 h induced expression in the zona glomerulosa, followed by a marked increase in the same zone ( Fig. 5A and D) .
Long-term effects of ACTH and Dex on the expression of PCNA, p27Kip1 and p57Kip2
As shown in Fig. 6A , the long-term effects of ACTH on the expression of PCNA, p27Kip1 and p57Kip2 were examined. PCNA levels rapidly decreased 4 days after the initial ACTH administration. Similarly, p57Kip2 levels also decreased 4 days after ACTH and returned to low levels. These changes were concomitant with the decrease in adrenal weights (Fig. 1) , indicating that PCNA and p57Kip2 expression is highly dependent on ACTH. In contrast, the high p27Kip1 levels at 3 days continued up to 4-8 days after ACTH administration, indicating that p27Kip1 expression in this period is not under the control of ACTH.
The long-term effects of Dex were also examined (Fig. 6B) . PCNA and p57Kip2 expression were not increased even at 6 days after the last Dex administration. p27Kip1 expression also remained unchanged. These results indicate the prolonged suppression of endogenous ACTH secretion in the Dex-treated rats, which is compatible with the results of adrenal weight measurement (Fig. 1) . It is thus concluded that the changes observed in this study in the expression of PCNA, p27Kip1 and p57Kip2 following ACTH administration are not a consequence of either Dex withdrawal or an elevation of endogenous ACTH.
Discussion
The adrenocortex of mammals consists of three morphologically distinct zones: the zona glomerulosa, the zona fasciculata and the zona reticularis. Generally, mineralocorticoids are synthesized from the cells in the zona glomerulosa under the control of the renin-angiotensin system, whereas the cells in the zona fasciculata produce glucocorticoids under the control of ACTH. The zona reticularis cells produce androgen. However, recent studies have revealed a species variation of these zones at morphological and functional levels. For example, the expression levels of steroidogenic enzymes in the zones have been shown to be considerably different in humans and rats (Vinson 2003) . It has also been reported that similar levels of ACTHR are expressed in all three zones of human adrenocortex (Reincke et al. 1998) , whereas its expression is mainly in the zona glomerulosa and the zona fasciculata in mice (Xia & Wikberg 1996 , Muller et al. 2001 .
The present study was undertaken to investigate the mitogenic action of ACTH on adrenal cells using a rat model. The PCNA-expressing cells first appeared in the zona glomerulosa at 48 h after ACTH administration, and then such cells were detected not only in the zona fasciculata and zona reticularis but also in the medulla at 72 h. These results indicate that the mitogenic effect of ACTH is initially exerted on the zona glomerulosa where there is a cell population that can initiate proliferation in response to ACTH. Since the abundant ACTHR expression was reported in the zona glomerulosa, it is likely that the mitogenic effect of ACTH is a direct action on the cells via ACTHR. It has been demonstrated that there exists a zone containing stem cells between the zona glomerulosa and zona fasciculata in adult rats, especially in Sprague-Dawley rats, which is called the zona intermedia or undifferentiated cell zone (Mitani et al. 2003 , Vinson 2003 , and that cell proliferation in this zone is associated with the circadian rhythm of plasma ACTH levels (Miyamoto et al. 1999) . Our results are partially compatible with these reports, although the cell proliferation observed in our study is mainly in the zona glomerulosa, but is not confined to the specific zone. The appearance of the PCNA-expressing cells in the zona fasciculata, the zona reticularis and the medulla at 72 h after ACTH implies that the site of the ACTH action is not limited to the zona glomerulosa. The appearance may not result from the migration of cells from the zona glomerulosa, because it takes tens of days for the proliferating stem cells to migrate centripetally to the zones (Mitani et al. 1995 ). These results demonstrate that ACTH promotes cell cycle progression of various types of cells in the adrenal. The broad effects of ACTH were confirmed by the finding that the PCNA-expressing cells were entirely absent in the Dex-treated adrenal.
The medulla was found to be most abundant of the p27Kip1-expressing cells in the normal rat adrenal, compatible with previous reports (Nagahama et al. 2001 ). In addition, it was found that the expression in the medulla was not affected by Dex or by ACTH, whereas expression in the cortex was markedly affected by ACTH. Of note, the absence of PCNA-expressing cells in the Dex-treated adrenal was concomitant with the presence of p27Kip1-expressing cells, but not p57Kip2-expressing cells. Administration of ACTH rapidly and specifically suppressed the p27Kip1 expression in the adrenocortical cells at 12 h after ACTH administration. These results support the important role of p27Kip1 in ACTH-dependent cell cycle regulation of the adrenocortical cells. In the absence of ACTH, the cells may exit the cell cycle by expressing p27Kip1. When the cells are exposed to ACTH, the suppression of p27Kip1 may trigger cell cycle progression.
On the other hand, prolonged exposure to ACTH induced p27Kip1 expression in the zona glomerulosa at 72 h, indicating that ACTH stimulates not only proliferation but also cell cycle arrest of adrenocortical cells (Dallman et al. 1980) . Co-expression of p27Kip1 and PCNA in some cells in the zona glomerulosa suggests a direct inhibitory action of p27Kip1 on PCNA, as shown in previous reports (Waga et al. 1994 , Watanabe et al. 1998 . Similar bidirectional effects of ACTH were observed in mouse Y1 adrenocortical tumor cells (Lotfi et al. 1997 , Forti et al. 2002 . It was reported that a brief pulse exposure to ACTH stimulates the growth of Y1 cells in a cAMP-independent manner, but that continuous exposure inhibits the growth in a cAMP-dependent manner. The growth inhibition is accompanied by the induction of p27Kip1.
In contrast to the expression of p27Kip1, p57Kip2 expression has been reported to be restricted in the adrenocortex of mice and humans (Nakayama et al. 2001 , Thomas et al. 2001 . However, our study showed that p57Kip2 expression was minimal in all zones of the control and Dex-treated rat adrenals. Administration of ACTH markedly induced the expression in the zona glomerulosa at 48 h, when p27Kip1 was still suppressed. At 72 h, a further increase of p57Kip2 in the zona glomerulosa was observed. No p57Kip2 expression was Figure 6 Long-term effects of ACTH and Dex on the expression of PCNA, p27Kip1 and p57Kip2. Whole-tissue lysates prepared from the adrenals of rats treated with Dex+ACTH (A) or only with Dex (B) were subjected to Western blot analysis using anti-PCNA, anti-p27Kip1, anti-p57Kip2 and anti-actin antibodies. The days after the initial ACTH administration (A) or the days after the last Dex administration (B) are indicated at the top of the panel (see Fig. 1 ). Representative images are shown; the analysis was performed in duplicate and the density of one band represents the expression level in one adrenal. Similar results were obtained from separate experiments.
detected in the medulla. These results indicate that p57Kip2 and p27Kip1 expression in rat adrenal is differentially regulated by ACTH, suggesting distinct roles for the two CDKIs in cell cycle regulation of adrenal cells. p57Kip2 may compensate the p27Kip1 function in the zona glomerulosa in response to ACTH, especially to its prolonged exposure.
In conclusion, this is the first demonstration that ACTH regulates the expression of p27Kip1 and p57Kip2 in the rat adrenal in a time-and site-dependent manner. It should be noted that the ACTH-dependent expression of PCNA and CDKIs is most vividly observed in the zona glomerulosa. It is thus suggested that ACTH modulates proliferation and probably differentiation of adrenocortical cells in the zona glomerulosa by regulating p27Kip1 and p57Kip2 expression.
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